stages) demonstrated that removing the effect by deconvolution of the bolus spread before reaching the myocardium is not necessary to maintain the relation between mean myocardial transit rate and LAD blood flow if the duration and site of the tracer injection are constant. Additionally, the coefficient of variation for determining the mean microbubble transit rate during MCE was 21% in these dogs (five injections at a single flow in each dog). We conclude that the transit rates of microbubbles during MCE can be used to assess regional myocardial blood flow in the in vivo beating heart as long as the blood volume remains constant. (Circ Res. 1994;74: 1157-1165 rates and hence regional myocardial blood flow. For this purpose, the myocardial transit rates of sonicated albumin microbubbles were compared with those of technetium-99m-labeled RBCs at different coronary blood flows in the dog. We also evaluated two additional issues in the present study: (1) whether, despite its theoretical advantages, fitting a lagged normal density function13 to the time-intensity plots provides better results than a gamma-variate function,14 which is simpler and less computer intensive, and (2) whether deconvolution of timeintensity curves using an input function is necessary when microbubble injection duration and site are constant.
open-chest anesthetized dogs (group I) was adjusted to 4 to 6 flows (total of 60 flows), and microbubbles and radiolabeled RBCs were injected into the LAD in a random order at each stage. The mean myocardial RBC transit rates were measured by fitting a gamma-variate function to time-activity plots generated by placing a miniature CsI2 probe over the anterior surface of the heart, and the mean myocardial microbubble transit rates were measured from time-intensity plots derived from off-line analysis of MCE images obtained during the injection of microbubbles. An excellent correlation was noted between flow (measured with an extracorporeal electromagnetic flow probe) and mean myocardial RBC transit rate (y=2.83 x 10-3x+0.01, r=.96, SEE=0.02, P<.001). A close correlation was also noted between mean RBC and microbubble myocardial transit rates (y=1.Olx+0.01, r=.89, SEE=0.02, P<.001). Despite its theoretical advantages, a lagged normal density function did not provide a better fit to the MCE data than the gamma-variate function. Experiments performed in six additional dogs (group II, 33 stages) demonstrated that removing the effect by deconvolution of the bolus spread before reaching the myocardium is not necessary to maintain the relation between mean myocardial transit rate and LAD blood flow if the duration and site of the tracer injection are constant. Additionally, the coefficient of variation for determining the mean microbubble transit rate during MCE was 21% in these dogs (five injections at a single flow in each dog). We conclude that the transit rates of microbubbles during MCE can be used to assess regional myocardial blood flow in the in vivo beating heart as long as the blood volume remains constant. ( Therefore, we hypothesized that tracking the mean myocardial transit rates of microbubbles in vivo by use of 2DE would provide information regarding myocardial RBC transit rates and hence regional myocardial blood flow. For this purpose, the myocardial transit rates of sonicated albumin microbubbles were compared with those of technetium-99m-labeled RBCs at different coronary blood flows in the dog. We also evaluated two additional issues in the present study: (1) whether, despite its theoretical advantages, fitting a lagged normal density function13 to the time-intensity plots provides better results than a gamma-variate function,14 which is simpler and less computer intensive, and (2) whether deconvolution of timeintensity curves using an input function is necessary when microbubble injection duration and site are constant.
Materials and Methods
Eighteen adult mongrel dogs were used for the study. The 12 group I dogs were used to (1) derive the relation between left anterior descending coronary artery (LAD) blood flow and mean RBC transit rate, (2) determine the correlation between mean microbubble and RBC transit rates, and (3) determine which function, lagged normal density or gamma variate, best describes the myocardial time-intensity data. The six group II dogs were used to (1) determine whether removing the effect by deconvolution of the bolus spread before reaching the myocardium is necessary to maintain the relation between mean myocardial transit rate and blood flow if the rate and site of tracer injection into a coronary artery are constant and (2) estimate the coefficient of variation for the mean myocardial 
Animal Preparation
The dogs were anesthetized with 30 mg/kg sodium pentobarbital (Abbott), and when necessary, additional anesthesia was given during the experiment. A left lateral thoracotomy was performed, and the heart was suspended in a pericardial cradle (Fig 1) . An 8F catheter was placed in the right femoral artery and was connected to an eight-channel physiological recorder (model 4568C, Hewlett Packard) via a fluid-filled transducer (model 1280C, Hewlett Packard). It was used for monitoring arterial blood gases and arterial pressure. A similar catheter was placed in the right femoral vein for the administration of fluids and drugs as needed. The proximal LAD was dissected free from surrounding tissues, and two silk ties were placed loosely around it. Basal flow through the LAD was measured with an electromagnetic flow probe (model EP406, Carolina Medical) placed temporarily around the vessel. The right carotid artery was exposed, and a 12F plastic cannula (C.R. Bard) was inserted into its lumen and secured in place with a tie. This cannula was connected to plastic tubing with a 0.5 -cm internal diameter (Tygon, Norton Performance Plastics) whose other end was connected to a custom-designed metal cannula. The tubing was placed in a roller pump (series S, Manostat), and flow through it was measured with a calibrated extracorporeal electromagnetic flow probe (model EP300A, Carolina Medical). This flow probe was connected to a flowmeter (model FM501, Carolina Medical), which in turn was connected to the physiological recorder. The tubing was primed with blood from the carotid artery, and the LAD was ligated. The metal cannula attached to the tubing was inserted into the LAD distal to the site of ligation and was secured in place with a tie. Flow to the LAD was adjusted with the roller pump to approximate basal flow. The tubing supplying blood to the LAD was connected to side tubing via a Y connector. This 2 mL saline-filled side tubing had stopcocks at both ends, and it was connected to a power injector (model 3000, LiebelFlarsheim). Before their injection into the LAD, microbubbles and radiolabeled RBCs were introduced into the tubing.
Measurement of Red Blood Cell Transit Rates
A miniature gamma probe consisting of a CsI2 scintillation crystal optically coupled to a photodiode and a 1-cm-long converging collimator (Oakfield Instruments) was used for the measurement of RBC transit rates. 15 The photodiode was connected to a preamplifier/amplifier unit especially designed to detect the technetium-99m photopeak and was connected to a personal computer via an RS-232 interface. This system samples every 0.5 second, and the relation between activity and response rate for this system is depicted in Fig 2. It saturates at =70 000 counts/0.5 s, and at below =20 000 counts/0.5 s, it demonstrates a linear response to activity (see inset in Fig 2) . Data concerning RBC transit rates were collected only within the linear response of the system. Fifty milliliters of blood was obtained from the dog and was centrifuged to separate the RBCs, which were labeled ex vivo with technetium-99m. 16 These labeled RBCs were washed several times, so that free unbound technetium-99m constituted <0.5% of the entire activity. Random checking of the RBCs under light microscopy revealed an absence of clumping or alteration in shape. One milliliter of labeled RBCs, equivalent to z100 ,Ci of radioactivity, was injected into the LAD at each flow. For data acquisition, the miniature gamma probe was placed within 3 cm of the anterior surface of the heart. The time-activity plot from each flow was visualized on the computer screen before proceeding to the next flow. Fig 3 illustrates the relation between microbubble concentration and videointensity for the 2DE system used. The portion of the curve in the inset exhibits a linear relation between microbubble concentration and video intensity. To operate within this range, it was essential to inject only enough bubbles to obtain mild myocardial opacification (between 10 and 50 U increase in mean videointensity within the LAD bed). In our pilot studies, we determined that 0.5 mL of Albunex was enough to produce the required changes in videointensity. Larger numbers of bubbles resulted in system saturation and even attenuation.
Myocardial Contrast Echocardiography
Off-line analysis of MCE images was performed with a dedicated computer (Mipron, Kontron Electronics) by methods described by us previously.18 In brief, the steps involved are (1) transfer of data from videotape to video memory of the computer, (2) identification of end-diastolic images from four or five frames before contrast appearance until their disappearance from the myocardium, (3) alignment of the selected end-diastolic images by using automatic cross correlation, (4) placement of a region of interest of at least 2000 pixels in size over the LAD bed on any image with contrast enhancement and derivation of a time-intensity plot from the region of interest from all end-diastolic aligned images in the injection sequence, and (5) subtracting background (average intensity in the region of interest from before the injection of contrast) from all data in the time-intensity plot. Protocol Flow to the LAD was randomly adjusted to four to six different levels in each dog (mean of five per dog) by use of the roller pump. Flows were adjusted to '-10% to 200% of basal values. Higher flows were not used because of the possibility of increasing myocardial blood volume. In the group I dogs, at each stage radiolabeled RBCs and microbubbles were injected into the LAD in a random order by use of the power injector. RBCs or bubbles were introduced into the side tubing connected to the power injector with the stopcocks closed to both the main tubing and the injector. Just before injection, these stopcocks were opened, and the contents of the side tubing were introduced as a bolus over 1 second into the main tubing. To minimize cardiac translation, the respirator was shut off for 30 to 60 seconds during data acquisition. In 19 randomly selected stages, RBCs were injected twice at the same flow to measure the reproducibility of the technique.
In the group II dogs, RBCs were injected twice at each stage. To obtain both the input and output functions at the same flow, time-activity curves were sampled by using a random order from the tubing just proximal to the attachment to the metal cannula inserted into the LAD and from the LAD bed itself. We could not obtain input functions from the tubing during MCE because, unlike the myocardium, 2DE images of the tubing were poor. In addition to measuring input and output functions at various flows through the myocardium, the group II dogs were also used for estimating the coefficient of variation for the mean transit rate obtained during MCE. For this purpose, five injections of 0.5 mL Albunex were made into the LAD bed at any one randomly selected flow in each dog.
Data Analysis
All data were analyzed by using RS/1 (Bolt, Beranek, and Newman)19 on a minicomputer (VAX4000-system 90, Digital Equipment Corp). A gamma-variate function (y=Ate-)14 was fit to the background-subtracted RBC time-activity and MCE time-intensity plots, where A is a scaling factor, t is time, and 2/a is the centroid of the curve, which also denotes the mean transit time. Consequently, a/2 was used in the present study to measure the mean transit rate of the tracer.
In our data, the transit rate of microbubbles increased linearly with increases in the transit rate of RBCs. As a result, a simple linear regression model was used to estimate the expected transit rate for microbubbles as a function of the transit rate for RBCs. In addition, 95% prediction intervals were constructed to provide a range of microbubble transit rates that were most likely to be observed for a given RBC transit rate. 20 The gamma-variate function presumes that the system into which the bolus of contrast is injected behaves like a twocompartment model, where a/2 denotes the mean transit rate through both compartments. Instead of remaining as a tight bolus, however, contrast may diffuse into a gaussian form during its passage through the tubing and the LAD, with the width of the gaussian determined by the distance travelled by the contrast. The myocardium can thus also be modeled as a single compartment into which this gaussian function is input, and the resultant output takes the form of a lagged normal density function.13 This function is generated by numerically solving the differential equation dC(t)/dt=a(G(t)-C(t)], which describes the change in concentration C(t) within a mixing chamber of volume V when contrast is input in the form of a gaussian function: 21 , where a-is the width of the gaussian and a is flow divided by volume. Optimal values for a and o-are obtained by the least-squares fit of the lagged normal density function to the time-intensity data.
To determine which of the two functions better describes the MCE time-intensity plots, data from 30 randomly selected stages from the group I dogs were subjected to fits by using both functions. Comparison of the fits was performed by examining the residual mean-square errors using both models. The best model was defined as that which produced the smallest residual mean-square error on average for all animals and replicates. Residual mean-square errors from each model were compared by use of a paired t test within dog and replicate. Values for a derived from MCE data, which in both models is proportional to the mean microbubble transit rate, were compared with LAD flow by linear regression analysis.
In the group II dogs, we found that a gamma-variate function provided a good fit to the input data obtained from the tubing proximal to the LAD. This function was therefore used solely for smoothing the input data where 1/a,i represented the width (time to peak) of the curve. For the purpose of deconvolution of the input from the output data, we modeled the LAD and the myocardium it supplies as a single compartment of rate constant ,B, which is also the mean transit rate through the single compartment. When a gamma-variate function is input to a single compartment whose flow-tovolume ratio is equal to ,B, then the output function is obtained by convoluting the input function with the exponential transfer function, exp(-/3t).21 The resulting output function has the following form: noted. First, the mean transit rates of microbubbles appear slightly, albeit not significantly, faster than those of RBCs. Second, as flows increase above normal resting levels, there is an increase in the variability in microbubble transit rates that occurs with increases in mean RBC transit rates. At higher flows, the microbubbles transit the myocardium faster, and since only end-diastolic frames are analyzed to measure transit rates, only a few frames exhibit myocardial opacification. We postulated that as the number of frames analyzed decreases, the likelihood of error introduced on curve fitting of MCE data increases. To test this postulate, the following computer simulation was performed: Values for a gamma-variate function were generated for various values of a at a fixed sampling rate of 2.5 Hz from time zero to 4/a (ie, over a duration equal to twice the mean transit time of the function). Random noise was then added to these values to simulate the experimental data. The noise added was equal to s(I/2), where s is a random number between -1 and 1, and I is the peak intensity calculated analytically. A gamma-variate function was fitted to these simulated data to calculate a after the introduction of noise. Fig 9 depicts the relation between the calculated and true values of a. The error bars represent ± 1 SD of a, and the solid line indicates the line of identity. As the value of a increases, the deviation from the line of identity increases, as does the error of estimation of a.
The Optimal Mathematical Function to Fit the MCE Data  Fig 10 illustrates an MCE-derived time-intensity plot from a group I dog to which both a gamma-variate function and a lagged normal density function were fit. Although the lagged normal density function seems to provide a better fit visually, there is no statistical difference between the two fits (P=.25). Similarly, when the mean transit rates derived from both methods are correlated with LAD flow in the 30 randomly selected stages from the group I dogs, there is no difference between the two correlations (r=.95 and r=.93, respectively; P=.16). The value of o-for the lagged normal density function fits ranged between 0.5 and 2.0. These results suggest that for MCE-derived data, the gammavariate function provides as close an approximation of 
Variability in Defining a From MCE Data
The variability in defining a from MCE data was derived from the five injections of microbubbles at any one flow rate in each of the six group II dogs. The mean SD of a, varying in values from 0.32 to 0.54, was 0.10, and the mean coefficient of variation was 21%.
Discussion Critique of Our Methods
The conventional definition of mean transit rate is the reciprocal of the average time it takes for an indicator to travel through a volume of distribution. Although it is not possible to directly measure the mean transit rate of a tracer in the in vivo beating heart, it is possible to determine its spread as it moves through the myocardium. A measure of this spread is the mean transit time calculated from the centroid of the time-intensity or time-activity plots. The reciprocal of the mean transit time is the mean transit rate.
Mean transit rate has a special meaning with reference to a two-compartment model. According to this model, when an indicator is injected as a bolus into the first compartment, its concentration in the second compartment varies according to a gamma-variate function, Ate-a, where a equals flow divided by the volume of each compartment. It can be shown that the mean transit rate through both compartments, which is the reciprocal of the centroid of a gamma-variate function, An intact native coronary artery autoregulates to increase the intravascular volume and thereby reduces resistance to increase its flow (provided the pressure gradient remains the same). If the flow increases in proportion to the increase in volume, then a plot of mean transit rate versus flow will be depicted as a horizontal line. If the volume remains the same while the flow increases, then the plot will be depicted as a straight line whose slope is equal to the reciprocal of the volume. If, however, the magnitude of increase in volume is small compared with the increase in flow, the plot will deviate from a straight line toward the flow axis.
In our animal model, in which the LAD had been transected, ligated, and cannulated and in which the blood flow was driven by an external pump, autoregulation was most likely obliterated, and the volume of the LAD bed essentially remained constant, as evidenced by the linear relation between the mean RBC transit rate and LAD flow as depicted in Fig 5. .5% of the total activity. The RBCs also remain totally within the intravascular space and are "physiological" in terms of their microvascular rheology. Therefore, we believe that this method is a reliable "gold standard" for the assessment of in vivo myocardial tracer kinetics. In our particular experiments, there is an advantage of using RBC transit rates rather than other methods of measuring myocardial blood flow, such as radiolabeled microspheres. We wanted to study the intramyocardial rheology of sonicated albumin microbubbles, which are true intravascular tracers and, unlike microspheres, do not get lodged within the microcirculation but pass freely through it.12 As these bubbles pass through the microcirculation, their transit through the arterioles, capillaries, and veins is recorded on 2DE. The contrast appearance and washout characteristics from any region of the myocardium, therefore, represent an "average" of microbubble kinetics through various vascular compartments within that region. Therefore, it was important to develop a "gold standard" for in vivo intravascular rheology of a tracer that behaved in a similar manner. Since RBCs are true physiological intravascular tracers of flow, comparison of microbubble kinetics with RBC kinetics within a vascular bed provides meaningful information regarding their value as flow markers during MCE.
In Vivo Kinetics of Microbubbles
In experiments using high-powered microscopic evaluation of the microvasculature in the hamster cheek pouch, we demonstrated that the intravascular rheology of air-filled albumin microbubbles is similar to that of RBCs. 12 In these experiments, the mean velocity, velocity profile, branch-point flux, and arteriolar-venular transit times were similar for microbubbles and RBCs. In the present study, we have extended these observations to the beating heart.
Unlike the hamster cheek pouch, there are differences between RBC and microbubble transit rates in the in vivo canine heart, as depicted in Fig 8. First, the transit rates of microbubbles are slightly, albeit not significantly, faster than RBCs. In our hamster cheek pouch studies, we used albumin microbubbles with a mean diameter of 4.9 ,um, which approximated the size of the hamster RBC. In the present study, we used albumin microbubbles with a mean diameter of 4 
, whose width, a-, de- pends on the distance traveled by the indicator before its entry into the myocardium. Because of its vast network of arterioles, capillaries, and veins, the myocardium can be modeled as a single mixing chamber into which the gaussian function is input. 13 The output function from the myocardium, c(t), is obtained by numerically solving the differential equation dc(t)/ dt=a[G(t)-c(t)]. This output function is termed the lagged normal density function, which is a skewed normal density function in which the skewness increases as the ratio of 1/a to of increases.13 To allow for the variability in the width of the assumed gaussian input function, a-was allowed to float when fitting the output data to a lagged normal density function.
Theoretically, the lagged normal density function should have provided a better fit to the time-intensity plots and therefore provided a better estimate of mean transit rates than a gamma-variate function. 25 In the present study, however, both functions seemed to fit the MCE data equally well. Furthermore, when a derived from either fit was correlated to LAD blood flow, the correlation coefficients were nearly identical. The linear relation between the mean transit rate and LAD flow was noted in a model in which the indicator is injected directly into the LAD. For an aortic root injection, the spread of the bolus before its entry into the LAD makes it imperative to either deconvolute the input from the output function or keep the cardiac output and site and duration of injection constant. For left main injection, the issue is more complicated. Since blood flow within a myocardial region supplied by the left coronary system may not be related to flow through the left main artery because of stenosis just preceding that region and since it is not possible to obtain an input function from the left main artery on MCE, quantification of mean myocardial transit rate from left main injection may require some other approach.
Since we used an open-chest preparation in which we removed motion artifact by shutting off the respirator, our 2DE data were of the highest quality, and whether these results pertain to a closed-chest model needs to be determined. With the advent of intracardiac ultrasound catheters, it may be possible to acquire similar if not better quality data, without motion artifact or attenuation, in closed-chest animals and humans.
The variability in deriving the mean microbubble transit rate from MCE data is not very different from the variability noted with other techniques used for measuring myocardial blood flow.27 Some of this variability is due to ongoing dynamic changes in the microvascular tone, which has been reported using standard techniques such as radiolabeled microspheres.27 Some of the variability can be explained by the stochastic nature of ultrasound compared, for example, with radiolabeled RBCs. Some variability may also be related to a portion of the microbubbles that are relatively large in size (some reaching sizes of 10 ,gml7). Finally, as shown in the present study, the sample size in the temporal domain influences the accuracy of estimation of mean transit rate, as obviously does the sample size in the spatial domain. Nevertheless, our results would indicate that this technique can measure relative changes in resting blood flow within different myocardial segments or within the same segment as long as the change in flow is not accompanied by a change in blood volume, such as a fully dilated vascular bed.
Conclusions
The present study demonstrates that the intravascular rheology of sonicated albumin microbubbles closely resembles that of RBCs in the in vivo beating canine myocardium. These results extend our observations made under high-powered microscopy in the hamster cheek pouch and indicate that sonicated albumin microbubbles can be used as tracers of RBC myocardial transit rate. These results pertain only to sonicated albumin microbubbles with the mean size described in the present study, and whether other microbubbles used for MCE have similar characteristics needs to be determined. We also demonstrated that despite its theoretical advantages, fitting the more computer-intensive lagged normal density function provides no practical advantage over the gamma-variate function for determining microbubble transit rates in the in vivo canine myocardium during MCE. Furthermore, if the duration and site of injection are constant, deconvolution of the output function is not required to estimate the mean myocardial transit rate of a tracer in a model in which both the input and output functions are determined by the same flow. In such a situation, the microbubble transit rate on MCE can be used to measure regional myocardial blood flow, which in the clinical setting would imply conditions in which resting flow is reduced, since in these conditions myocardial blood volume is maximized.
